The mass-specific metabolic rate hypothesis of Gillooly and others predicts that DNA mutation and substitution rates are a function of body mass and temperature. We tested this hypothesis with sequence divergences estimated from mtDNA cytochrome b sequences of 54 taxa of cyprinid fish. Branch lengths estimated from a likelihood tree were compared with metabolic rates calculated from body mass and environmental temperatures experienced by those taxa. The problem of unknown age estimates of lineage splitting was avoided by comparing estimated amounts of metabolic activity along phyletic lines leading to pairs of modern taxa from their most recent common ancestor with sequence divergences along those same pairs of phyletic lines. There were significantly more pairs for which the phyletic line with greater genetic change also had the higher metabolic activity, when compared to the prediction of a hypothesis that body mass and temperature are not related to substitution rate.
The rate of evolution of mitochondrial DNA is sufficiently constant, among taxa and within genes, to permit estimates of branching ages in evolutionary studies (Li 1997; Rambaut and Bromham 1998; Bromham and Penny 2003) . Accuracy of age estimates, however, is compromised by heterogeneity of rates (Britten 1986; Welch and Bromham 2005) , among other factors (Smith and Peterson 2002; Graur and Martin 2004; Near et al. 2005) . Estimated overall pairwise rates for mitochondrial cytochrome b (cytb) vary from about 0.5%/million years to 5.0%/million years among Cenozoic freshwater fish Smith and Dowling, in press) and from 0.3%/million years to 1.4%/million years in a broad sampling of cytb rates among vertebrates (Gillooly et al. 2005) . Rate heterogeneity and heterotachy (Lopez et al. 2002) are hypothesized to be caused by processes that influence mutation and substitution rates, summarized by Mindell and Thacker (1996) . Some early suggestions of factors that could influence mutation rate include exposure to free radicals and mutagens, replication frequency, replication efficiency, and inefficient repair mechanisms (Gillespie 1991; Li 1997) . [Substitution rate may be further influenced by natural selection, synonymous versus nonsynonymous sites (Fitch et al. 1991) , effective population size (Ohta 1976; DeSalle and Templeton 1988; Chao and Carr 1993) , identity of neighboring bases (Siepel and Haussler 2004) , secondary or tertiary structure (Wang and Lee 2002) , and conserved regions of the molecule influenced by complexity of development or function (Aris-Brosou 2005) .] Additional factors, operating at the level of life-history ecology and organismal biology, include generation time (Chao and Carr 1993; Martin and Palumbi 1993; Ohta 1993; Bromham 2002) , homeothermy (Adachi et al. 1993) , thermal habit (Bargelloni et al. 1994; Rand 1994) , environmental change (Li and Graur 1991) , and variation conserved in diverging lineages (Futuyma 1987; Bousquet et al. 1992; Mindell 1996) .
Interest in metabolic rate as a causal mechanism influencing rate variation was stimulated especially by Martin and Palumbi (1993) and Rand (1994) who documented effects of body size, temperature, and correlated variables, including generation time. The mass-specific metabolic rate model of Gillooly et al. (2001) used equations from thermodynamics to relate temperature and body size to metabolic rate. Gillooly et al. (2005) demonstrated that body mass, temperature, and metabolic rate explain a significant fraction of the variance in nucleotide substitution rates in a broad sample of organisms (Wilke 2005) . Specifically, analysis of 71 datasets, including invertebrates, fish, amphibians, rep- tiles, birds, and mammals, that vary in body mass by 10 orders of magnitude and in body temperature from 0
• C to 40 • C, indicated that substitutions accumulate at a constant rate per unit of massspecific metabolic energy flux rather than per unit time (Gillooly et al. 2005) . Gillooly et al. (2001) present physical, chemical, and biological arguments for the appropriateness of the following formula to estimate metabolic rate: In this paper we test whether body mass, environmental temperature, and metabolic rates estimated with this formula vary monotonically with molecular evolutionary rates of lineages, using comparisons of sister pairs among 54 species of North American Cyprinidae (minnows). This group of fish is well suited to test this hypothesis because mitochondrial DNA sequences (cytochrome b gene, cytb) have been determined for most genera and many species from North America, and phylogenetic relationships are beginning to become repeatable and consistent. We present methods to test the general hypothesis of Gillooly et al. (2005) at the level of individual lineages and apply them to these taxa. If ev- Figure 1 . continued idence supports a predictive relationship between metabolic rate and mutation/substitution rates it might be appropriate to evaluate such information in rate studies, as an alternative to construing variation as error.
Materials and Methods
The family Cyprinidae is the most species-rich group of freshwater fish. Most of the nearly 300 North American species live east of the Rocky Mountains, but 36 species in Pacific drainages are diverse morphologically and one third of them are represented by late Cenozoic fossils (Smith et al. 1982 . The record indicates that genera appear to have achieved their modern body plans and ecological roles by middle or late Miocene (Smith 1981 , Cavender 1986 . Phylogenetic hypotheses for western forms and eastern outgroups were presented by and Dowling et al. (2002) based on cytb. These phylogenies disagreed with previous morphology-based phylogenies Coburn and Cavender 1993) , which are relatively unresolved and possibly compromised by convergence, introgression, and other homoplasy (Smith 1992; .
We use a phylogenetic tree estimated by maximum likelihood from 1140 base pair sequences of cytb as the basis of this study. This tree (Fig. 1a) is similar to a consensus of parsimony trees (Fig. 1b) and both trees are generally consistent with other phylogenies estimated by Dowling et al. (2002) and .
Body mass estimates for species were taken from lengthweight equations given by Carlander (1997) where applicable, and otherwise from length-weight graphs constructed from restored live weights and body lengths from museum records, state monographs (e.g., LaRivers 1962; Minckley 1973) , or the Atlas of North American Freshwater fish (Lee et al. 1980) . Each taxon is represented in Table 1 by a mass estimate midway between the female mass at first reproduction and maximum size.
We assumed that the body temperatures of these fish were the temperatures of the water in which they lived (geographic distributions in Lee et al. 1980 , and museum records), which we approximate with ambient temperature (data from the Climatic Atlas of the United States, U.S. Department of Commerce, Washington, D.C., 1968). Temperature varies with time of year: between first and last frost we take the minimum water temperature to be 4
• C;
we assume that June, July, and August are the warmest months and take the water temperature during these months to be the average air temperature; and we approximate the water temperature between last frost and 1 June by starting at 4 • C and attributing equal increments up to the average June-July-August temperature to each day until 1 June, and similarly from 1 September until first frost. We then calculate an annual total metabolic rate for each taxon as the total over all the days of the year of the metabolic rate on each day. To estimate amounts of evolutionary change that took place along the phyletic (phylogenetic) lines from the most recent common ancestor for a pair of taxa, we use the number of nucleotide substitutions along each phyletic line segment (between nodes), estimated by the maximum-likelihood tree that we use as the basis for our study. Although we do not know the absolute times when lineages diverged from the common ancestors, we do know that each member of a pair of lineages has been evolving from the common ancestor for the same amount of time. Thus, for any pair of taxa, the one that accumulated more cytb substitutions since the most recent common ancestor (call it x) has had a faster average rate of evolutionary change.
Because we identify the faster rate by the greater number of molecular substitutions over the two phyletic lines from the common ancestor, x, we must compare these estimates of genetic change with estimates of the total amount of metabolic activity over the same two phyletic lines. To integrate metabolic activity over any phyletic line, we would need to estimate annual metabolic rate for each ancestral node in the phylogenetic tree. To estimate annual total metabolic rate for each ancestor, we estimate body size and thermal regime for each ancestor, starting with those for which descendants were extant taxa with known body mass and thermal regimes. Webster and Purvis (2002) demonstrated that the average of the observed data provides a better estimate of the set of ancestral values than do any of several more sophisticated methods for estimating ancestral values. For thermal values we assign to an ancestor the average of the values of immediate descendants, but for body mass, following the relation between metabolic rate and body mass in equation (1), we assign the fourth power of the average of the fourth roots of the body masses of the immediate descendants. By the same means, we then assign values to any ancestor for which values were known for all of its immediate descendants. We repeat this process until all ancestral nodes have values from which to calculate an estimated annual metabolic rate. We then assume that metabolic rate increased or decreased at a uniform rate from ancestor to ancestor, equally spaced temporally, along the phyletic line segments from the most recent common ancestor to each member of the pair of taxa in question (Webster and Purvis 2002) .
If the amount of genetic change over the life of each lineage varied monotonically with the amount of metabolic activity for each pair of taxa, the taxon with more genetic change since the most recent common ancestor, x, would be the taxon with more metabolic activity since x. To quantify the extent to which greater metabolic activity tends to be associated with greater genetic change, we count the number of pairs for which this pattern was observed.
To discuss this more succinctly: For each pair of taxa (a, b) we calculate the values that we want to compare: First we discover the most recent common ancestor x of a and b. Then we discover the amount of sequence divergence D(x, a) from x to a and D(x, b) from x to b, taken from branch lengths on the maximum-likelihood tree. Then we estimate metabolic activities M(x, a) by integrating annual metabolic rate over the phyletic line segments from x to a, and M(x, b) by integrating annual total metabolic rate over the phyletic line segments from x to b. If all the estimating procedures are reasonably accurate, a general prediction of the mass-specific metabolic rate hypothesis of Gillooly et al. (2005) We will refer to this prediction as the monotone (monotonic) prediction, and to pairs of taxa consistent with it as monotone pairs.
To determine the significance of the number of monotone pairs we compare the observed number with the number of monotone pairs predicted by a null hypothesis that metabolic rate (estimated with body mass and temperature) is not related to DNA substitution rate. We state this null hypothesis by describing a random probability process that generates a data structure that is identical in form and total content to the one observed, but that separates body mass and temperature data (as an integrated unit) from amount of genetic change so that any data structure generated by the hypothesized null process samples body mass and temperature independently of amount of sequence divergence. The random process we use to represent the null hypothesis chooses with equal probability one of the 54 factorial ways to reassign the observed body mass and temperature data to the 54 taxa, while leaving the phylogenetic tree and the genetic distances of its phyletic line segments unchanged. Once a data structure has been randomly generated in this way, we integrate metabolic activity along phyletic lines from most recent ancestors, as described earlier. The number of monotone pairs is counted, and that number is saved in a table. A thousand random data structures, each sampling the null hypothesis, are simulated, and for each the number of monotone pairs is counted and saved in the same table. The table is plotted with possible numbers of monotone pairs on the X-axis and number of simulated data structures with less than or equal that number of monotone pairs on the Y-axis. This plot represents the cumulative probability distribution for the number of monotone pairs predicted by the null hypothesis. The observed number of monotone pairs is then compared with this probability distribution. The number of simulated data structures for which the number of monotone pairs is greater than or equal to the observed number estimates the realized significance that the observed number of monotone pairs is too large to be consistent with the null hypothesis. If this realized significance (number of such simulated data structures divided by 1000, the total number of simulated data structures) is very small, then the observed data structure can be considered inconsistent with the null hypothesis and the null hypothesis is rejected.
There are two methodological shortcomings of this approach. (1) We do not actually know the body size or thermal regimes of the ancestors. Thus, estimates of metabolic rates of ancestors, based, as they are, on successive averages of body sizes and thermal regimes of extant taxa, are probably wrong (possibly egregiously wrong) for some (possibly many) ancestors. (2) Slower metabolic rates and slower substitution rates may not be causally related but instead simultaneously inherited from common ancestors so that convex areas of the phylogenetic tree would contain taxa with slow metabolism and slow substitution rate. Similarly, faster metabolic rates and faster substitution rates may not be causally related but instead simultaneously inherited from common ancestors so that convex areas of the phylogenetic tree would contain taxa with fast metabolism and fast substitution rate. Pairs of taxa with one member chosen from a slow area and the other chosen from a fast area would be monotone but not constitute evidence that metabolism and rate of sequence divergence were causally related. If much of a phylogenetic tree comprised such slow or fast areas, then many pairs would be monotone but have no causal relationship between metabolic rate and substitution rate. Harvey and Pagel (1991) explain this phenomenon more generally, and discuss various approaches to minimizing its effect on statistical arguments.
To address these methodological problems, first we restrict consideration to pairs of sister taxa only, of which there are 17 or 18 (one sister pair was so weakly supported that it is questionable whether it can be construed as a sister pair). If we consider only sisters, this eliminates problem (2). For a sister pair (a, b) we make no estimate of metabolic rate for the most recent common ancestor x, and set M(x, a) to be the metabolic rate of extant taxon a, similarly for M (x, b) . This eliminates problem (1). We use the same null hypothesis to determine significance.
A problem with this approach is that it uses data for only 36 (or 34) of the 54 taxa. From Figure 1 one can see that there are three major clades arising from ancient ancestors. Because of their antiquity, the body masses and thermal regimes of the two ancestors are likely to be among those least accurately estimated. Phylogenetically dependent areas are convex areas of the phylogenetic tree with taxa for which slower (or faster) metabolic rates and evolutionary rates were inherited from common ancestors. If there were phylogenetically dependent areas in different areas of the three major clades, then many pairs with one member from a slow area and one from a fast area would also be a pair with one member from one clade and the other member from another clade. Therefore, our second approach is to consider only pairs of taxa for which members belong to the same major clade. This still involves estimating metabolic rates for some of the more recent ancestors, and if a single major clade contained a phylogenetically dependent fast area as well as a phylogenetically dependent slow area, then some monotone pairs within that major clade still would not evidence a causal relationship between metabolic rate and evolutionary rate. Thus, our second approach reduces but does not eliminate either of the two methodological difficulties.
Some of the internal branch lengths on the tree are short relative to their standard error (Table 1) . To avoid the possibility that results depend on the least significant internal branch lengths, we also perform the same two analyses using a tree in which all internal branch lengths less than twice their standard error are collapsed (branches indicated with asterisks in Table 1 ).
All computations were carried out using ECERFODM, a computer program written for the purpose by G.F. Estabrook, and available for download, together with instructions and the data analyzed here, from http://www-Personal.umich.edu/∼gfe/.
Results
The structure of the maximum-likelihood tree used in these analyses, together with taxon names and abbreviations, ancestral node numbers, divergence estimates to immediate ancestors, mass, growth temperatures, numbers of frost-free days per year for taxa, and estimates of the same for ancestral nodes, with resulting estimates of annual metabolic activity are shown in Table 1 .
Fourteen of the 18 sister pairs are monotone. The realized significance of this under the null hypothesis that metabolic rate and substitution rate are unrelated is P = 0.0154. If we eliminate the dubious sister pair, then 14 of 17 sister pairs are monotone, which has a realized significance of P = 0.0064. These results are not confounded by questionable estimates of metabolic rates of ancestors, or by phylogenetic dependencies. Even though they are based on only part of the data, the high level of realized significance indicates that faster rates of sequence divergence tend to occur with faster metabolic rates. A similar analysis using the tree with less significant nodes collapsed enabled 35 pairs to be compared, of which 26 are monotone with a realized significance of P = 0.006.
Of the 535 possible pairs of taxa both members of which belong to the same major lineage, one pair has a most recent common ancestor, x, from which a positive distance to one of the taxa did not result from the maximum-likelihood estimates of branch lengths, and for that reason we do not include it in our comparisons. For the remaining 534 pairs (a, b) we calculate the distances D(x, a) and D(x, b) from the most recent common ancestor x, and estimate amounts of metabolic activity M(x, a) and M(x, b) along the phyletic lines from the common ancestor x.
To illustrate the scatter of the relationship between relative amounts of genetic change and relative levels of metabolic activity we plot these 534 pairs of taxa in Figure 2 , where the X-axis is ln[M(x, a)/M(x, b)], below denoted MaMb, and the Y-axis is ln [D(x, a)/D(x, b) ], below denoted DaDb. We plot ln ratios because the absolute magnitude does not change with the arbitrary choice of which taxon plays the role of a, and which plays the role of b. If substitution rates were equal, then the expected value of DaDb would be ln(1.0) = 0.0. If amount of genetic change were strictly proportional to amount of metabolic activity then MaMb = DaDb (within the limits of appropriate stochastic variation). The line MaMb = DaDb is shown in Figure 2 .
In viewing Figure 2 , it is important to realize that the coordinates of the 534 points have been calculated from 534 pairs of taxa from a phylogenetic tree. Thus these points may not be independent samples of the same random process, but may have phylogenetic dependencies, as explained above. Therefore, it is not appropriate to interpret trends as regressions.
The hypothesis we are testing asserts that the taxon with more metabolic activity along the phyletic line from x tends to be the taxon with greater genetic change from x. Pairs that are consistent with this hypothesis, monotone pairs, plot in the upper right or lower left quadrants in Figure 2 . Pairs that are not monotone plot in the lower right or upper left quadrants of Figure 2 .
Of the 534 pairs considered, 380 are monotone. There are only 11 simulated data structures with at least 380 monotone pairs. Thus, the realized significance of the observed 380 monotone pairs (and 154 nonmonotone pairs) is 0.011, which rejects the null hypothesis because there are improbably too many monotone pairs observed. With less significant nodes collapsed, 533 pairs are compared, of which 373 are monotone with a realized significance of P = 0.014.
Discussion
Molecular substitution rates in this sample of North American cyprinid fish co-occur with, and may be influenced by, body mass, temperature, and metabolic rate as well as other factors. Smaller fish and fish that grow in warmer waters have faster metabolic and substitution rates. Even though the data significantly indicate that faster metabolic rates tend to occur with more rapid substitution rates in these fish, there is evidence that other factors are involved. Six other factors are (1) inaccurate estimates of ancestral body mass, (2) inaccurate estimates of temperatures in the paleo-environments of growth, (3) unresolved or wrong branching pattern in the phylogeny, (4) inaccurate estimates of amount of sequence divergence, (5) mutagenic effects of free oxygen radicals, and (6) small population size.
Mass is estimated from modern populations, which are themselves variable depending on geographic location, age structure, and life history. Use of fossils has not yet been applied to estimate mass of the ancestral populations. Contrast of estimated mass and predicted substitution rates in the five very large species of minnows in the dataset allow a comparison of the hypothesized effects of body mass and mutagenic free radicals of oxygen, because the predictions of these alternative hypotheses differ. Mutation rates are predicted to decrease with increasing size because metabolic rate decreases with greater body mass; mutations caused by free radicals of oxygen are predicted to accelerate as a function of longevity and metabolic products (Schmidt-Nielsen 1984) , for example, in annual production of enormous volumes of gametes (a correlate of size and longevity). In our study, three species of pike minnows (Ptychocheilus lucius, P. oregonensis, P. grandis) have existed over the past 15.5 million years, whereas Mylocheilus and Acrocheilus are known over the past 6-8 million years. These five species were significantly larger than other minnows in the dataset in the Miocene and Pliocene, reaching lengths of 1-1.8 m (Smith et al. 2000; Spencer et al., in press) , with correspondingly large investment in gametes (every 1-2 years) in individuals that reached 20-30 years of age (Smith, unpubl. ms.) . Therefore these fish should show low substitution rates compared to smaller species ( Fig. 1; Table 1 ), but higher substitution rates than predicted from modern body mass. The estimated modern metabolic rates (AMR, All five of these large species have low substitution rates compared to smaller fish, but higher substitution rates than predicted from their modern size, suggesting combined effects of body mass and mutagenic oxygen free radicals.
If large and small species are sisters, their ancestor may be assigned the wrong mass by the simple averaging method (see Webster and Purvis 2002) ; however, this does not apply to our analysis of 18 sisters because no metabolic rates for ancestors were used.
Erroneous estimates of environmental temperature are caused by local habitat temperatures that are different from regional ambient temperatures, for example, cold springs, climates different from the present for ancestors that lived in the Pliocene and Pleistocene. Overestimation of temperature causes overestimation of metabolic rate, which results in anomalously slow estimates of rate of molecular evolution. Possible examples appear in Rhinichthys cataractae, R. osculus, Phoxinus, and Gila pandora; for these small species, estimates of sequence divergence are lower than expected from modern temperatures and body mass (Table 1) .
Relictus shows an inordinately rapid estimate of substitution rate (Fig. 1, Table 1 ), which may be an example of rapid substitution caused by small population size. Relictus is restricted to a few small spring-fed ponds in Nevada; other species are more abundant and widespread.
Introgressive transfer of DNA resets the molecular clock in the recipient species. Introgression is known to have occurred in the genus Gila (Smith 1992; Dowling and DeMarais 1993) . This probably explains the underestimated mtDNA distances among Gila that have diverged in other respects. Sequence divergences among Gila cypha, G. jordani, and G. atraria ( Fig. 1 ; Table 1) are unexpectedly low, given the Miocene fossil record of the most derived species, Gila cypha (Spencer et al., in press ). These examples of suspected introgressive transfers among mtDNA lineages (Dowling and DeMarais 1993) are a source of mismatched metabolic rates and substitution rates. Any mismatch introduces random noise, unlikely to bias the results. Introgressively diminished mtDNA distances are not expected to be correlated with any other variable, such as low temperature, large body size, long generation time, or low metabolic rate.
General agreement between the maximum-likelihood and parsimony trees suggests that tree estimates might not be a source of large error, but much of this agreement may be a result of having based both of these estimates on the same data. Trees based on morphology were less resolved than those based on mtDNA cytochrome b sequences, so comparison of those results does not contribute more than our test of the collapsed maximumlikelihood tree (above) to the test of the mass-specific metabolic rate hypotheses.
Establishment of timing of evolutionary events with molecular divergence estimates requires that sources of intrinsic error be known and incorporated into estimates of rate and age (Gillespie 1991; Li 1997) . If differences in rates are influenced by lineage effects caused by deterministic mechanisms, such as metabolic rates, the influence of those mechanisms on substitution rates should be considered in estimation of ages. Since the elucidation of rate heterogeneity by Ohta and Kimura (1971) and Langley and Fitch (1974) , increasingly elegant methods have been constructed to model different molecular rates and evolution of rate changes, based on nucleotide distributions among branches (e.g., Sanderson 1997 Sanderson , 2002 Rambaut and Bromham 1998; Thorne et al. 1998; Huelsenbeck et al. 2000; Yoder and Yang 2000; Kishino et al. 2001; Thorne and Kishino 2002; Douzery et al. 2004) . Using different measures of success, these methods variously exclude aberrant rates, estimate local rates, smooth to favor small steps in rate change, or employ Bayesian methods to estimate different rates (Welch and Bromham 2005) . Assumptions underlying these models range from rate changes being rare and large to rate changes being common but small. Some smoothing methods model changes as a random walk, assuming widespread noise in substitution rates. Performance of rate estimators using relaxed (local) clock models has been evaluated by Kishino et al. (2001) , Ho et al. (2005) , Welch and Bromham (2005) , and Linder et al. (2005) .
If rates result from deterministic mechanisms, however, estimation of local rates requires more than random walk models aimed at overcoming presumed noise. Martin et al. (1992) showed possible effects of body size and poikilothermy and Martin and Palumbi (1993) demonstrated strong correlations between molecular rates and body sizes, metabolic rates, and generation times. They also hypothesized a plausible causal mechanismthat metabolic rate could affect mutation rate by a mutagenic effect of free radicals that are by-products of aerobic respiration (Schmidt-Nielsen 1984) . Further demonstration of faster molecular rates in animals with shorter generation time (Larson and Wilson 1989; Schlotterer et al. 1991) suggested that examination of more causal mechanisms of correlations among body size and metabolic rate could be informative. Martin and Palumbi (1993) suggested multiple linear regression as a means of teasing apart effects of generation time and body size on molecular rate. Gillooly et al. (2001) used general principles from thermodynamics to model effects of body mass and temperature on metabolic rate, and Gillooly et al. (2005) demonstrated likely causal influence of metabolic rate on the rate of molecular evolution, although Thomas et al. (2006) found no influence of body size on substitution rates in invertebrates.
A test of the Gillooly et al. (2005) model within a family of North American freshwater fish is advanced here. Because this sample of species demonstrates a significant co-occurrence of temperature and body size with rates of molecular substitution in mtDNA, it strengthens the contention that the mass-specific metabolic rate hypothesis may help explain molecular substitution rate in poikilotherms and perhaps other organisms.
Interactions between heterogeneity in substitution rate and phylogenetic estimation are rapidly becoming tractable (Swofford et al. 1996; Susko et al. 2002; Douzery et al. 2004; Seipel and Haussler 2004; Gadagkar and Kumar 2005) . More accurate estimation of recent and ancestral mass and thermal conditions, using physiological ecology, the fossil record, and phylogenetic modeling, will provide more accurate estimates of metabolic rates and substitution rates in studies of coalescence, phylogeography, biogeography, and evolution.
